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Abstract: ZrO, powders were modified by atomic layer deposition (ALD) with CeO, and ZrO,,
using Ce(TMHD), and Zr(TMHD), as the precursors, in order to determine the effect of ALD films
on the structure, surface area, and catalytic properties of the ZrO,. Growth rates were measured
gravimetrically and found to be 0.017 nm/cycle for CeO, and 0.031 nm/cycle for ZrO,. The addition
of 20 ALD cycles of either CeO; or ZrO, was found to stabilize the surface area of the ZrO, powder
following calcination to 1073 K and to suppress the tetragonal-to-monoclinic transition. Shrinkage of
ZrO, wafers was also suppressed by the ALD films. When used as a support for Pd in CO oxidation,
the CeO,-modified materials significantly enhanced rates due to interactions between the Pd and the
CeO;. Potential applications for modifying catalyst supports using ALD are discussed.
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1. Introduction

Ceria is an important catalytic material, both as an oxidation catalyst by itself and as a promoter
when it is in contact with transition metals [1-6]. Because pure ceria loses its reducibility after
high-temperature treatments or redox cycling [7-9], it is often used in the form of a mixed oxide
with zirconia, especially in Three-Way Catalysts (TWC) employed in automotive emissions-control
applications [10,11]. It is sometimes assumed that the role of zirconia in OSC is to maintain surface
area, but ceria-zirconia phases maintain their reducibility upon redox cycling, even though they do not
have substantially higher surface areas than would pure ceria under these conditions [11,12]. Indeed,
oxygen binding in ceria-zirconia solid solutions has been shown to be weaker than oxygen binding in
pure ceria [13-15].

There is evidence that interfacial contact between ceria and zirconia can influence properties of
ceria even when the two oxides exist as separate phases. For example, it has been reported that most
Ce ions at the interface of epitaxial ceria films on yttria-stabilized zirconia (YSZ) substrates exist as Ce3*
and that the average oxidation state is affected several nanometers from that interface [16]. In another
report, ceria films on polycrystalline zirconia were shown to be much more reducible than ceria films
on alumina [15]. Still another study of ceria films on YSZ single crystals found that the ceria particles
tend to orient along specific crystallographic directions, suggesting strong interactions between the
two phases [17].

In an attempt to take advantage of these interactions on high-surface-area catalysts, our laboratory
recently investigated 0.4 nm conformal zirconia films on ceria powders using atomic layer deposition
(ALD) [18]. In ALD, a substrate powder is first allowed to react with an organometallic precursor to a
monolayer coverage, after which the adsorbed precursor is oxidized in a separate step. Conformal
films of varying thickness are formed by repeating this cycle the desired number of times. The
zirconia-on-ceria ALD study found that the surface areas and crystallite sizes of ALD-modified ceria
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powders were dramatically stabilized against sintering to temperatures up to 1073 K [18]. Whereas
the crystallite size of an unmodified ceria powder increased from 18 to 32 nm when the calcination
temperature increased from 673 to 1073 K, the crystallite size of the ALD-modified ceria was unchanged
by this treatment. The modified ceria also maintained its promotional effects for the water-gas-shift
reaction when used as a support for Pd and showed improved tolerance to SO, poisoning.

Because the ALD film thicknesses in this previous study were much smaller than the crystallite
sizes of the ceria powders that were stabilized, it is surprising that the zirconia film could have such
a strong impact on crystallite stability. That, in turn, leads to questions about the mechanism of the
stabilization and what effect film thickness and composition have on the results. Therefore, we set out
to investigate the properties of ceria and zirconia powders following ALD of ceria and zirconia films.
The present results show that both ceria and zirconia powders can be stabilized by zirconia ALD films,
implying that there must be a physical aspect to the stabilization. ALD films appear to prevent surface
diffusion of oxide cations, thus preventing sintering and crystallite growth. This could have important
implications for the stabilization of catalysts.

2. Results and Discussion

The initial characterization of the deposition process for CeO, and ZrO, films on the ZrO,
substrate involved measuring the sample mass as a function of the number of ALD cycles, as shown in
Figure 1. For both CeO, and ZrO, deposition, the data demonstrate that the sample mass increased
almost linearly with the number of ALD cycles. For CeO; deposition on ZrO,, the mass increase after
20 cycles was 0.20 g/g ZrO,. Assuming that the film grew uniformly over the 84 m?/g ZrO, surface
and had the bulk properties of CeO,, this mass change corresponds to a growth rate of 0.017 nm/cycle.
The deposition rate for ZrO; on ZrO; was higher, with the sample mass increasing by 0.30 g/g ZrO,
after 20 cycles, corresponding to a deposition rate of 0.031 nm/cycle.
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Figure 1. Growth curves for atomic layer deposition (ALD) films on an 84 m? /g ZrO, powder: (a)
CeO, ALD; (b) ZrO, ALD. All masses were measured after thermal treatment to ensure the removal of
moisture content.

ALD of CeO; and ZrO; has been reported previously for a y-Al,O3 substrate using the same
organometallic precursors and similar deposition conditions [19]. In that study, the growth rates were
0.016 nm/cycle for CeO, and 0.024 nm/cycle for ZrO,. Given the large differences in the nature of the
ZrO; and y-Al,O3 substrates used in these two studies, it is remarkable that the growth rates for both
oxide films on both substrates were so similar. This suggests that the deposition process is primarily
dictated by the organometallic precursors and not the substrate. On an atom basis, the deposition
rates were 8.7 x 107 Zr/m? cycle and 4.2 x 107 Ce/m? cycle. These rates are much lower than one
would expect if each cycle formed a monolayer oxide film, probably due to the large size of the THMD
ligands in the organometallic precursors.
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One of the most interesting observations from the previous ALD study of ZrO, on CeO, was
that a 0.4 nm thick film, having a thickness that is smaller than the 0.52-nm lattice parameter of cubic
zirconia, was able to stabilize the surface area and crystallite size of CeO; to high temperatures [18].
To better understand the effect of ALD films, we here investigated the influence of CeO, and ZrO,
films on a ZrO; substrate as a function of film thickness. BET surface areas are reported as a function
of calcination temperature in Table 1 for ZrO, samples that had been treated with 2, 10, or 20 ALD
cycles of either CeO, or ZrO;. The unmodified ZrO, sintered dramatically with temperature, with the
surface area decreasing from 84 m? /g after calcination at 773 K to only 20 m?/g after heating to 1073 K.

Table 1. BET surface areas as a function of calcination temperature.

BET Surface Area (m?/g)

Calcination
Temperature(K) Zr02 2 C902/ 10 Ce02/ 20 C802/ 2 Zl‘Oz/ 10 Zl‘Oz/ 20 Zl‘Oz/
ZI‘02 ZI‘02 ZI‘Oz ZI‘02 ZI‘02 ZI‘OZ
773 84 80 73 62 78 72 65
873 70 60 66 54 66 70 63
973 48 56 63 52 55 68 62
1073 20 33 40 51 35 32 47

The fresh 20 CeO,/ZrO; and 20 ZrO,/ZrO, samples, calcined at only 773 K, had lower
surface areas, 62 m?/g and 65 m? /g, respectively, primarily because of the added mass of the films.
For example, the addition of 0.3 g ZrO, /g ZrO, would decrease the specific surface area by a factor of
1.3 (84 m?/1.30 g=63 m?/ g), even if the film had no influence on the pore sizes or distribution. Similar
to what was reported for ZrO, ALD films on CeQO,, the decrease in surface areas with calcination
temperature was much less severe for both the 20 CeO; /ZrO, and 20 ZrO, /ZrO; samples compared
to pure ZrO;. Following calcination to 1073 K, the surface areas of these two samples were 51 and
47 m? /g, respectively, more than double that of the unmodified sample that had been heated to this
temperature. The effects of ALD modification were also observed, to a lesser extent, with 10 and 2
ALD cycles of both CeO, and ZrO;.

Another indication of the stabilizing effect of the ALD films comes from the XRD patterns shown
in Figure 2. The patterns in Figure 2a are of the pure ZrO;, 20 CeO,/ZrO;, and 20 ZrO, / ZrO, samples
after calcination at 773 K. The pattern for pure ZrO, indicates that the material is primarily in the
tetragonal form, as shown by the large peak at 30 degrees 26, but with a small amount of monoclinic
phase, shown by the small peak near 28 degrees 26. The deposition of 20 ALD cycles of either CeO; or
Z1rO,, with calcination at 773 K, did not change the patterns. While peaks associated with crystalline
CeO, would be difficult to distinguish from the mixture of tetragonal and monoclinic ZrO,, previous
work has shown that ALD films this thin (the film on the 20 CeO,/ZrO, sample is only 0.33 nm
thick) are invisible to XRD [20]. The effects of calcining the same three samples to 1073 K is shown in
Figure 2b. The pure ZrO; is almost completely converted to its monoclinic form. By contrast, the 20
CeO,/ZrO, remains primarily in the tetragonal form and the 20 ZrO, /ZrO, sample is a mixture of the
two phases.
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Figure 2. XRD patterns for (I) unmodified ZrO,, (II) 20 CeO, /ZrO,, and (III) 20 ZrO, / ZrO,. Patterns
shown in (a) were from samples calcined at 773 K and patterns in (b) at 1073 K. Peaks marked with
asterisks stand for tetragonal phase ZrO, and open circles stand for monoclinic phase ZrO,.
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The sintering character of powders is critically important in ceramics processing [21], and the
BET and XRD results suggested that ALD modification should significantly affect the properties of
ZrO, powder. That this is the case is demonstrated by Figure 3, which plots the percent change in the
diameters of ZrO,, 20 CeO,/ZrO;, and 20 ZrO, / ZrO, wafers as a function of calcination temperature.
Not surprisingly, the ultimate shrinkage after calcination to 1573 K was the same for each of the
materials: ~16%; however, pure ZrO, had sintered to this value by 1273 K. The sintering curves
for the ALD-modified samples, especially 20 CeO,/ZrO,, were shifted upward by approximately
100 K, which means that the ALD-prepared samples would only have the same shrinkage if heated
an additional 100 K, again consistent with the fact that the ALD films had increased the stability of

the powders.

Shrinking Percentage (%)

Figure 3. Shrinkage of ceramic wafers as a function of calcination temperature: (O) Unmodified ZrOj;
(M) 20 CeO,/ZrOy; (@) 20 ZrO, /ZrO,. The original diameters for all the pellets were 1.495 cm.
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It has been previously demonstrated that rates for CO oxidation at interfacial sites between Pd
and CeQO, are much higher than rates on either Pd or CeO, individually [22]. There is no similar
enhancement of CO-oxidation rates at Pd and zirconia interfaces [8]. Therefore, to determine how
the ALD-modified catalysts would perform as catalyst supports and obtain a measure of how good
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the contact between Pd and the ceria in the samples is, we measured CO-oxidation rates on selected
samples after adding 1 wt % Pd. Measurements were performed on the ZrO,, CeO;, 20 CeO,/ZrO,,
and 20 ZrO, /ZrO, samples after the supports had been calcined to either 773 K or 1073 K. In all cases,
the Pd was added after calcination of the support. After the addition of Pd, the catalysts were calcined
to 773 K. Pd dispersions for each of the catalysts are reported in Table 2. It is interesting to notice
that the dispersions measured for Pd/CeO, and Pd/20CeO,/ZrO;, were similar and significantly
higher than those on the Pd/ZrO, and Pd/20ZrO;/ZrO, samples, which implies that there is a more
favorable interaction between the Pd and the CeO,.

Table 2. Pd dispersions as a function of support calcination temperature.

Calcination Pd Dispersion (%)
Temperature (K) ZrO, 20 ZrO,/ZrO, CeO, 20 Ce0,/ZrO,
773 K 6.3 13.2 39.6 38.4
1073 K 4.7 11.2 30.1 323

Figure 4a shows differential reaction rates for the catalysts after the supports had been calcined to
773 K. Rates on the Pd/ZrO, and Pd/20ZrO, /ZrO, catalysts were essentially identical and rates on
the Pd/CeO; and Pd/20CeO,/ZrO; were essentially identical. Extrapolating the rates to the same
temperature, rates on the two ceria-containing samples were more than a factor of ten higher, which
is more than can be explained by the higher dispersions. This agrees with the previous observations
of enhanced rates at the Pd—ceria interface. Figure 4b shows differential rates for the same materials
after the supports had been calcined to 1073 K. The only catalyst affected by this treatment was the
Pd/CeO, sample. The loss of activity in this sample is likely due to loss of the CeO, surface area, as
reported previously for a similar Pd/CeO; catalyst used for the WGS reaction [23]. The Pd/ZrO; and
Pd/20ZrO,/ ZrO; catalysts were not affected because the reaction only occurs on the Pd phase. The
Pd/20CeO,/ZrO; catalyst was not affected because the surface area did not significantly change.
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Figure 4. Differential CO oxidation for various samples after the addition of 1 wt % Pd. The samples in
(a) were calcined to 773 K and the samples in (b) to 1073 K. Pd was added after calcination. The samples
are as follows: (H) 20 CeO, /ZrO;; (®) 20 ZrO, / ZrO,; (O) unmodified ZrO,; (J) unmodified CeO,.

The present results expand on the previous report showing that the ALD of very thin films of
ZrO, on CeO, are able to stabilize the surface area and structure of the CeO, substrate. We have shown
here that substrate stabilization by ALD is not unique to ZrO, films on CeO;. In particular, the fact
that ZrO; films are able to stabilize ZrO, substrates implies that the effect must be structural and not
due to any chemical bonding effects between different species. Finally, it is noteworthy that there is a
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noticeable change in the sintering characteristics following only two ALD cycles, corresponding to a
coverage that is much less than a monolayer.

Since cation surface diffusion is a major contributor to the sintering process in ceramic
materials [24], it would appear that ALD films act by suppressing surface diffusion. The mechanism
behind this suppression may be different depending on the system. In the case of CeO; films on ZrO,,
there may be bonding between the dissimilar atoms that stabilize the surface cations. With ZrO; films
on ZrO;, the role of the ALD film may be to remove hydroxyls or fill in vacancies, thus stabilizing the
metal cations.

In addition to stabilizing the surface area, the ALD films influenced the structure of the zirconia
substrate (e.g., preventing the formation of the monoclinic phase upon heating). This can be important
in some catalytic applications. For example, the acid-base properties of zirconia are reported to change
with the different polymorphs [25]. The ability to stabilize a particular phase without significantly
changing the surface area and without the addition of dopants could be very useful.

ALD thin films can also be useful in making high-surface-area, functional supports. The present
CO-oxidation results indicate that a CeO, ALD film as thin as 0.34 nm can increase rates for CO
oxidation on supported-Pd catalysts to the same level observed for Pd supported on CeO;. It is
difficult to maintain CeO, powders in a high-surface-area form. The fact that one can achieve similar
properties in a thin film catalyst opens up the possibility of using a more stable substrate for an
enhanced surface area, while still having the high catalytic activity of the functional oxide. The use of
thin-film supports could also be very important if the functional oxide is expensive.

While there is a growing excitement over the use of ALD in catalyst preparation [26,27], it is clear
that we are still learning how to take full advantage of the approach for producing the best materials.
The fact that ALD can affect the stability and structure of catalysts supports adds another factor to the
potential advantages.

3. Experimental Methods

CeO; and ZrO, powders were prepared by precipitating aqueous solutions of either zirconyl
nitrate hydrate (5 g, ZrO(NO3),-xH,O, 99%, Sigma-Aldrich, St. Louis, MO, USA) or Ce(NO3),-6H,O
(Sigma Aldrich, St. Louis, MO, USA) with excess ammonium hydroxide (NH4OH, Fisher Scientific,
Waltham, MA, USA). The resulting precipitates were then dried overnight at 333 K and heated in air at
773 K for 3 h. After this pretreatment, the ZrO, powder had a BET surface area of 84 m?/g and the
CeO, powder had a surface area of 59 m?/ g.

ALD modification was performed using procedures and equipment that have been described in
previous publications [19,28]. Briefly, the homebuilt ALD system consists of two heated chambers,
one for the powder that was to be modified and one for the organometallic precursor, both of which
could be evacuated with a mechanical vacuum pump. First, the powder was first heated to 503 K in
a vacuum, after which it was exposed to ~5 Torr of the organometallic precursor, either Zr(TMHD),
(Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato) zirconium(IV), 99%, Strem, Newburyport, MA, USA)
or Ce(TMHD), (Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato) cerium(IV)), for 300 s. To ensure
that the substrate surface was saturated with adsorbed precursor, the substrate was exposed to the
precursors multiple times before evacuation.

To determine the conditions required to remove the organic ligands from the adsorbed precursor,
temperature-programmed oxidation was performed on the ZrO, powder following exposure to
Ce(TMHD)y4, and the results are shown in Figure 5. This experiment was performed in flowing air with
0.1 g of sample, a heating rate of 20 K/min, an air flowrate of 50 mL/min, and a mass spectrometer to
monitor the CO, produced by the oxidation reaction. The data show that temperatures in excess of
600 K are required to completely remove the ligands.
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Figure 5. Temperature-programmed oxidation performed on the ZrO, after exposure to the
Ce(TMHD), precursor. The heating rate for the sample was 20 K/min.

Because the TMHD ligands were not completely oxidized at 503 K [28], the samples in this study
were removed from the ALD system after each precursor exposure and heated to 773 K for 300 s in
a muffle furnace. The samples were then placed into the ALD system again and the cycle repeated.
The total time for one cycle, including exposure, evacuation, and oxidation cycles, was approximately
12 min. Film growth rates were determined from changes in the sample mass using an electronic scale
with a precision of 0.1 mg. Sensitivity was not a problem because a simple calculation shows that a
uniform, 0.1 nm thick CeO, film on 84 m?/ g ZrO, will increase the sample mass by 6% [18]. ZrO,
samples modified by ALD will be referred to by the species deposited and the number of ALD cycles
(e.g., a sample with 20 ALD cycles of CeO; is referred to as 20 CeO,/ZrO,).

Surface areas were measured using BET isotherms in a homemade adsorption apparatus. For each
sample, the surface area was measured 3 times and the surface areas were found to vary by no more
than 2 m?/g. X-ray diffraction (XRD) patterns were recorded on a Rigaku Smartlab diffractometer
equipped with a Cu K« source (A = 0.15416 nm).

Pd with a concentration of 1 wt % was added to selected samples using incipient wetness
of aqueous solutions of tetraamminepalladium nitrate (5.0% Pd(NH3)4(NOs3),, Alfa Aesar). After
impregnation of the Pd salt, the samples were dried overnight at 333 K and calcined in air at 773 K for
1 h. Pd dispersions were measured volumetrically using CO adsorption uptakes at room temperature,
assuming adsorption of 1 CO molecule per Pd surface atom. The adsorption was performed on
samples that were first reduced in 200 Torr H; at 423 K.

CO oxidation rates were measured at differential conversions in a tubular flow reactor, using a
gas chromatograph (SRI8610C) equipped with a Hayesep Q column and a TCD detector to measure
effluent concentrations. The total gas flow rate through the reactor was 120 mL-min~!, and sample
size was 0.10 g in all experiments. The partial pressures of CO and O, were fixed at 25 and 12.5 Torr,
respectively, by adjusting the flow rates of CO, O,, and He.

The sintering character of the powders was examined by measuring the diameters of pressed
wafers that had been heated to various temperatures. In these experiments, 0.1600 g of each sample
were pressed into a wafer that had an initial diameter of 1.495 cm. The samples were then calcined for
30 min to various temperatures. The diameters of the pellets were then measured by Vernier caliper
with the precision of 0.005 cm.
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4. Conclusions

ALD films of CeO, and ZrO, on ZrO, powders are able to significantly stabilize the surface
area and zirconia phase by suppressing surface diffusion of cations. CeO; films can also enhance the
catalytic properties of the ZrO, when the material is used as a support for Pd in CO oxidation. This
ability to modify oxides by ALD could have important for applications involving CeO, catalysts.
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